particularly among children exposed to long duration of general anesthesia or with repeated hospitalizations.
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| INTRODUCTION
In recent times, advances in anesthesia medication and delivery systems, surgical techniques, and diagnostic and medical procedures have increased both the number of children exposed to general anesthesia and the frequency of exposure. 1 Despite the fact that general anesthesia for surgery or diagnostic investigation may be life-saving or unavoidable, there has been mounting concern regarding potential neurotoxicity from exposure to general anesthesia in early childhood. This is especially relevant following the December 2016 release of the United States Food and Drug Administration warning about the potential negative consequences of long and repeated general anesthesia exposure. 2 Information about the outcomes of general anesthesia exposure in early life remains important to determine the direction of future preclinical research and identify the subgroups where potentially less toxic agents could be trialed.
Evidence from animal studies has demonstrated that exposure to general anesthesia during infancy can modulate brain development with permanent consequences 3, 4 ; although human studies have been less conclusive. Three recent population-based cohort studies have reported a small association between any general anesthesia exposure and reduced school readiness measures and poorer school grades. [5] [6] [7] However, these population cohort studies included only children undergoing surgery with a general anesthesia and it is unclear whether children having simple invasive or diagnostic procedures with a general anesthesia were excluded, or included in the unexposed comparison group. Furthermore, findings may have been influenced by confounding by indication with the inclusion of children with unidentified conditions or brain injuries that may affect neurocognitive function. 6, 7 It is important to differentiate outcomes of children with underlying delay because they may have different vulnerability for neurotoxicity or may be more likely to need surgery compared to otherwise unaffected children. [8] [9] [10] In contrast, the United States multicenter Paediatric Anaesthesia Neuro Development Assessment (PANDA) study of single exposure to general anesthesia during inguinal hernia surgery compared to sibling controls found no difference in a range of neuropsychologic scores. 11 Likewise, interim results from the first randomized trial examining the impact of general anesthesia on early childhood outcomes at 2 years of age (General Anaesthesia compared to Spinal anaesthesia [GAS] trial) revealed evidence for no difference in neurodevelopment between children undergoing general anesthesia for hernia repair compared with awake-regional anesthesia. 12 However, both the PANDA and GAS studies were specific to a single indication and type of surgery and single exposure of a relatively short duration of general anesthesia; all of which limit their generalizability.
The primary aim of our study was to evaluate the developmental and school performance outcomes of children undergoing 1 or more procedures requiring general anesthesia in early childhood in a population-based study, excluding potential neurocognitive confounding.
Secondary aims were to further elucidate how different types of surgery or procedures, number, and age at exposure of general anesthesia influence the association.
| MATERIALS AND METHODS
We conducted a population-based record-linkage cohort study including all children born in New South Wales (NSW), Australia, of 
What is already known
• There is concern about the potential neurotoxicity of early childhood exposure to general anesthesia.
• Recent population-based studies have been limited by confounding by indication by including children with underlying morbidity or neurodevelopmental disorder.
What this article adds
• Exposure to general anesthesia is associated with poorer development at school entry and school test results.
• angiography, magnetic resonance imaging, ultrasound, and bone or renal studies). As children undergoing brain magnetic resonance imaging or computed tomography scans may have underlying pathology and increased risk of poor neurocognitive outcomes, these children were grouped separately. The age at first general anesthesia exposure (<12, 12 to <24, 24 to <36, and 36+ months) and the number of general anesthesia exposures (1, 2, and 3+) were also assessed. Children who had only 1 hospitalization and undergoing a procedure requiring general anesthesia and no re-presentation or any other hospitalization up to outcome assessment, were also differentiated. Potential confounders were identified from the literature and are detailed in Table 1 . Missing values were uncommon for all variables (0%-0.2%) and excluded from analyses.
| Statistical analysis
Characteristics of exposed and unexposed children for each study outcome cohort (AvEDI and NAPLAN cohorts) were compared using contingency tables. We assessed the association between any general anesthesia exposure and subcategories (type of procedure, number of and age at first general anesthesia exposure) with study outcomes using multivariable binary generalized estimating equations with a logit link and exchangeable correlation, adjusting for all available confounders and clustering effect of individual schools. We also repeated analyses restricting to children with only 1 hospitalization involving a procedure with general anesthesia and no other hospitalization. To overcome any effect of multiple testing, we calculated 95% confidence intervals using corrected P-values with a sequential adjustment for multiplicity according to the step-down Holm-Bonferroni procedure. 16 This was also applied to the models restricted to children with only a single hospitalization with general anesthesia. All analyses were conducted using SAS, 9.4 (SAS Institute, Cary, NC, USA). (data not shown). However, after restricting to children with only 1 hospitalization involving general anesthesia and no other hospitalization, the estimates were attenuated and no longer statistically significant ( Figure 2 , Table S1 ).
| RESULTS
Among the NAPLAN cohort, exposure to any general anesthesia was associated with a 34% and 24% increased odds of scoring below the national minimum standard in numeracy (aOR: 1.34; 95% CI: 1.25-1.43) and reading (aOR: 1.24; 95% CI: 1.16-1.32), respectively, including higher odds following certain procedures ( Figure 2 , Table S1 ). After restricting to children with only 1 hospitalization involving general anesthesia and no other hospitalization, the odds of scoring below the national minimum standard in numeracy remained significant for any exposure to general anesthesia and children undergoing specific procedures. There was no association, however, for children having poor reading outcome ( Figure 2 , Table S1 ).
There was an association between the number of exposures to general anesthesia and children classified as developmentally high risk or scoring below the national minimum standard in numeracy and reading at school, regardless of the number of exposures (Figure 3 , Table S2 ). Results were imprecise for 3 or more exposures, due to small numbers. Age at first general anesthesia exposure had mixed results, with an increased odds ranging between 1.14 and 1.42. The odds were increased and highest in children exposed to general anesthesia after 36 months. After restricting to children with only 1 hospitalization involving general anesthesia and no other hospitalization, the association persisted for children scoring below the national minimum standard in numeracy (aOR: 1.40; 95% CI: 1.18-1.66) and reading (aOR: 1.24; 95% CI: 1.05-1.48; Figure 3 , Table S2 ).
| DISCUSSION
In this population-based study, we found that among children without known, preexisting neurodevelopmental disorders, those exposed to general anesthesia before 4 years of age had an increased risk of poor development at school entry and reduced scores in reading and numeracy in Grade 3. However, after restricting to children with only 1 hospitalization involving general anesthesia and no other hospitalization, exposure to general anesthesia remained associated only with poorer numeracy outcome.
To date, the only interventional study, the GAS trial reported no difference in neurodevelopment at 2 years of age (N = 363) using the Bailey Scales of Infant and Toddler Development III with the main outcome of the trial, 16 intelligence quotient (IQ) scores at 5 years of age, yet to be published. In the PANDA study (N = 105 pairs), the authors reported no difference in IQ scores, verbal fluency, and behavior at 10 years of age between exposed and unexposed siblings. 11 This study included a potentially biased sample with sibling-matched, exposed children mostly white males (90%), with highly educated parents and from higher socioeconomic backgrounds. Not surprisingly, the study population had higher total IQ compared to the total population and results may not be generalizable to more vulnerable populations. Furthermore, the latter 2 studies only included a single indication with a relatively short duration of general anesthesia.
In the present study, we found a 17% increased risk of being developmentally high risk in exposed children, which is consistent with 2 previous Canadian population-based studies reporting developmental outcomes of children using the analogous Canadian Early Development Index. While O'Leary et al 7 (N = 84 276) reported a 5% increased odds of developmental vulnerability (1 or more developmental domain below the 10th centile) in children exposed to general anesthesia, Graham et al 6 (N = 18 056) found a significant 0.9-1.2 point decrease in the Canadian Early Development Index scores in children exposed to 1 or more episodes of general anesthesia. However, these studies did not assess the type of procedure requiring general anesthesia, nor was it clear whether children with major congenital anomalies or those undergoing general anesthesia for nonsurgical purposes were included or not. We found children exposed to general anesthesia during specific procedures, including myringotomy, dental and skin surgeries, simple invasive procedures, and brain magnetic resonance imaging, were more likely to have poor outcomes which may be attributable to their underlying conditions such as burns, lumber puncture, hearing loss and head injuries, requiring the procedure and more intensive health care.
Interestingly, when we restricted the analyses to children who had only 1 hospitalization involving a procedure requiring general anesthesia and no other hospitalization, we found that the increased risk of poor developmental outcome and reduced reading scores was attenuated. This effect was also shown in other population-based studies assessing developmental outcomes after restricting to those children with single surgeries 5, 7 and cumulative length of hospital stay <2 days. 7 These were also consistent with findings from the GAS trial and PANDA project. These studies did not explore specific cognitive outcomes. Specifically, we found that despite limited exposure to general anesthesia and no other hospitalization in early childhood, the association with poor numeracy scores remained, overall and for a number of different procedures. The consistency in the numeracy results across different procedures may reflect the sensitivity of the numeracy test, or that there may be a deficit in a particular aspect of cognitive processing required for numerical tasks. 17 We found similar results on further analysis, restricting only to children with poor numeracy and no reading deficit. Research has demonstrated that children with math deficits show a different pattern of cognitive deficits than do children with both math and reading deficits. 18 A study by Bull et al 19 found that after controlling for word reading ability, arithmetic ability was best predicted by processing speed, with short-term memory, sequencing ability, and retrieval of information from long-term memory also important. If exposure to general anesthesia affects processing speed, this may play a role in the acquisition and execution of basic numeracy skills and further studies to replicate and elucidate the underlying mechanism are required.
In our assessment of timing and number of general anesthesia exposures, we found weak evidence for increased risk of poor school performance for children exposed to general anesthesia after 36 months and closer to the outcome measure. Others studies have also found that later timing of general anesthesia exposure (>24 months), compared to earlier exposure, negatively impacts developmental 6,7 and cognitive outcomes. 5, 11 Although this may were found by a number of studies, 5, 20 but not by others. 7 However, they did not exclude children with underlying conditions at risk of learning disability that may also require multiple surgeries, such as congenital heart conditions. These findings need to be explored further and the complex relationship between the underlying condition, procedure, and the potential developmental benefit of treatment needs to be teased out further.
One important factor that we could not assess was the impact of long duration of general anesthesia exposure. Studies in nonhuman primates found that general anesthesia exposure of >5 hours resulted in negative functional and behavioral outcomes. 21, 22 Additionally, a recent review reported that more than 80% of animal studies investigating neurotoxicity of general anesthesia found a negative effect after exposure of 3 hours or longer. 23 However, there remains limited information from human studies on the effect of long general anesthesia duration and results have been inconsistent. One study found a 56% increased odds of disability for children exposed longer than 120 minutes compared to unexposed, 20 whereas the PANDA project found no difference in IQ scores in children exposed for more than 120 minutes. 11 It should be noted that the average exposure in the PANDA project and GAS trial was <2 hours and large population-based studies using administrative data, often lack such detailed information. Overall, evidence from human studies regarding the neurocognitive effect in children following long general anesthesia exposure (>3 hours) remains unknown and future studies are required.
A major strength of our study was the use of large population-based administrative data ensuring the power, coverage, and generalizability of findings. We also used information on developmental and educational outcomes that have been validated internationally (AvEDI) 24 and locally by the Australian Curriculum, Assessment and Reporting Authority (NAPLAN). 9 Although some effects may have been masked by these global assessments, it is unlikely given the consistent results across 2 different age points and across individual developmental domains and cognitive outcomes, which ensures the robustness and reliability of findings. However, our study also had some limitations. Firstly, we lacked information on conditions diagnosed outside the hospital setting that may affect the child's neurocognitive development. Although we attempted to minimize this by excluding children with disability and major congenital conditions and by assessing a group of children who had only 1 hospitalization involving a procedure with general anesthesia and no other hospitalization, some unmeasured confounding may still exist. On the other hand, by excluding vulnerable children we cannot elucidate whether in these children, anesthesia toxicity could plausibly have an impact. Secondly, although we conducted analyses by type of procedure, the majority involved only short-duration general anesthesia and we cannot conclude that those children exposed to longer duration have the same outcome.
In conclusion, our study reveals that children exposed to general anesthesia before 4 years of age have poorer development at school entry and school test performance in Grade 3. Although the associations for poor developmental outcome and reading scores were attenuated in children who had only 1 hospitalization with general anesthesia and no other hospitalization, the increased risk of poor numeracy skills remained for these children. Further studies should explore specific effects of general anesthesia on numeracy skills, the role of underlying health conditions that prompt the need for surgery or diagnostic procedures, and outcomes following varying duration of exposure to general anesthesia.
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